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ABSTRACT
Despite Drosophila being one of the most studied model organisms in the world of
research, one-third of 14,000 protein-encoding genes that the Drosophila genome possesses code
for proteins that are yet uncharacterized. While investigating some of these uncharacterized
Drosophila proteins, we identified a scarce protein type–a protein localized in both mitochondria
and nucleus. Proteins, dual-localized in mitochondria and nucleus, establish communication
between these organelles. This type of dual-localized protein is among the rarest of proteins,
which limits us from fully understanding the mito-nuclear communication mechanism. Here, we
tell the story of Jig, which we discovered to be one of those extremely rare proteins that localize
in mitochondria, bind to the mitochondrial genome, localize in the nucleus, and bind to the
nuclear genome. To my knowledge, I am the first to show that this rare protein is part of the
CREB pathway, which is one of the most studied proteins for the mito-nuclear communication
mechanism. Jig binds to and transports CREB from mitochondria to nucleus throughout the 3rd
larval developmental stage. The Jig-CREB pair binds to DNA in both mitochondrial and nuclear
genomes to regulate genes that are necessary for Drosophila development. Knocking down Jig
causes disruption of CREB localization to the nucleus, changes mitochondrial morphology and
membrane potential and arrests Drosophila development. These results are the first to show a
Jig-CREB pathway that is necessary to conduct mito-nuclear communication for development.
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PART I: BACKGROUND
Chapter 1: Mitochondria
Other than the nucleus, mitochondria are the only sub-cellular organelle in eukaryotic
cells that contain a genome. It is not surprising, given the fact that mitochondria are so vital to
cell survival, that mitochondrial dysfunction leads to cell apoptosis. The mitochondrion is the
powerhouse of the cell and its genome codes for 13 of its own proteins. However, mitochondria
need many more proteins to carry out their functions during homeostasis and/or under cellular
stress. These proteins are encoded by the nuclear genome. Moreover, even for the proteins that
mitochondria can transcribe, they are only able to transcribe some of the subunits. Transcription
of other subunits requires a coordinated effort with the nucleus, for those proteins, in order to
ensure that a functional protein is produced. One such example is the Adenosine triphosphate
(ATP) synthase protein, responsible for producing ATP, giving mitochondrion its description of
being the cell powerhouse. Out of 27 subunits of an ATP synthase, only ATP6 and ATP8 are
transcribed by mitochondria; the rest are transcribed by the nucleus (He et al., 2018). ATP
synthase will not work if the mitochondrial genome transcribes ATP synthase subunits, but the
nuclear genome does not.
Mitochondrial genome transcription machinery is dual-localized. All the RNAs needed
for the mtDNA transcription are present in the mitochondria, whereas the proteins needed for
mtDNA transcription originate from the nucleus and must localize to the mitochondria (D'Souza
& Minczuk, 2018). Mitochondrial gene transcription is slightly different from nuclear gene
1

transcription. The mitochondrial genome has two different strands called the light strand (LS)
and the heavy strand (HS). Each of these strands has at least one promoter: light strand promoter
(LSP) and heavy strand promoter (HSP), respectively (Figure 1). There is one promoter in LS
which leads to the transcription of only one mitochondrial gene: ND-6 and several tRNAs. HS on
the other hand has two different promoters: HSP1 and HSP2. HSP1 is used for the transcription
of tRNAs and rRNAs. HSP2 is the main promoter used for the transcription of most of the mtgenome (Chang & Clayton, 1984; Montoya, Christianson, Levens, Rabinowitz, & Attardi, 1982;
Montoya, Gaines, & Attardi, 1983).

Figure 1: Representative Mitochondrial DNA (mt-DNA) picture showing its relative promoter
locations in its heavy strand and light strand. HSP1 is heavy strand promoter 1 and HSP 2 is
heavy strand promoter 2. HSP promoters are shown here in a clockwise direction. LSP is light
strand promoter shown here in a counterclockwise direction.
Transcription initiation for the mitochondrial genome occurs with the help of three
different proteins: mitochondrial transcription factor A (TFAM), mitochondrial RNA polymerase
(POLRMT), and mitochondrial transcription factor B2 (TFB2M). They make up the transcription
initiation complex for the promoter regions of both the L-strand and H-strand of the
2

mitochondrial genome. TFAM first binds to the promoter region and recruits mitochondrial RNA
polymerase (POLRMT) to the DNA. TFB2M rotates the hairpin structure of POLRMT protein
binding domain until it gets between the DNA strand leading to the promoter region of both the
strands being exposed and available for transcription (Kanki et al., 2004). Transcription
elongation for mitochondrial transcription is stimulated by mitochondrial transcription
elongation factor (TEFM) (Minczuk et al., 2011). Transcription termination occurs through the
binding of mitochondrial termination factor 1 (MTERF1) to the transcription end site (JimenezMenendez et al., 2010; Yakubovskaya, Mejia, Byrnes, Hambardjieva, & Garcia-Diaz, 2010).
Unlike nuclear genomic structure, the mitochondrial genome does not contain any histones. Its
structure is a circular nucleoid assembled around core proteins. These core proteins are TFAM,
POLRMT, POLG and mitochondrial single-stranded DNA-binding protein (mtSSB). Out of
these, TFAM is called the central mtDNA packaging factor as it coats the entire mtDNA.
(Taanman, 1999).
The mechanism of communication through which mitochondria communicate with the
nucleus is called “retrograde signaling”. As an example, under cellular stress, Ca2+ is released
into the cytoplasm from endopasmic reticulum, thereby triggering Ca+2-dependent signaling
pathways that activate nuclear transcription factors such as cyclic AMP response element
binding protein (CREB), nuclear factor-kappa B (NFkB) and activating transcription factor
(ATF2) that regulate genes responsible for relieving mitochondrial stress (Liu & Butow, 1999;
Ryan & Hoogenraad, 2007). Most of these TFs and coactivators can translocate to both nuclear
and mitochondrial compartments, allowing them to regulate gene expression in both genomes.
To our knowledge, only around 19 proteins have been described to be dual localized. Under
steady-state conditions, CREB translocates to mitochondria (Abrams & Andrew, 2005; Ryu,
3

Lee, Impey, Ratan, & Ferrante, 2005). During development and/or when there is stress such as
oxidative stress, changes in Ca2+ levels, disruption of electron transport chain etc., nuclear
transcription factors like CREB translocate to the nucleus to regulate gene expression in response
(Arnould et al., 2002a). This way, the mitochondria signal to the nucleus when something is
wrong with cellular energetics, and CREB is a key part of this retrograde signaling pathway.
TFAM and p53 also play vital roles in this pathway. TFAM, the core protein of
mitochondrial DNA packaging, also localizes to the nucleus, anchors to chromatin and causes
suppression of transcription to protect cells from genotoxicity and to promote cellular growth
through cell cycle progression (Lionaki, Gkikas, & Tavernarakis, 2016). REQL4 and p53 bind
together and stay in the mitochondria. Under stress, REQL4 and p53 separate which reveals
p53’s nuclear localization signal (NLS) causing p53 to localize to the nucleus. In the nucleus,
p53 regulates genes coding for proteins needed for apoptosis (De et al., 2012).

4

Chapter 2: Nucleus
Other than the 13 protein subunits that the mitochondrial genome codes for, all the other
proteins of an organism are coded by the nuclear genome. These proteins are transcribed in the
nucleus and translated in the cytoplasm. If the translated proteins are nuclear-encoded
mitochondrial proteins, these proteins then localize to mitochondria and carry out their functions
in mitochondria or form part of mitochondrial structure. Just like cells have cell membranes to
keep their content inside and regulate what goes in and out of a cell, the nucleus also has its own
membrane barrier, called a nuclear membrane, that helps keep the chromosomes inside the
nucleus. Nuclear membrane also contains nuclear pore complex that controls the import and
export of molecules like RNAs and proteins in and out of the nucleus.
Chromatin structure of the nuclear genome involves 4 Core Histones (each in pairs):
H2A, H2B, H3 and H4 around which the DNA strand is wrapped. This is called a nucleosome.
The overall structure with series of nucleosomes is sometimes described as “beads on a string”
(Figure 2). The beads are the nucleosome complex and the string between and around them is
linker DNA. Attached to this linker DNA and the nucleosome is linker Histone H1, which differs
from the other core histones in that it is not present in a pair (Flores et al., 2021; Luger, Mader,
Richmond, Sargent, & Richmond, 1997; Venkatesh & Workman, 2015).

5

Figure 2: Cartoon representation of nuclear chromatin structure. Chromatin is composed of DNA
and Histone proteins. DNA is shown here as a blue string and the beads it wraps around
represents core Histone proteins: H2A, H2B, H3 and H4. Each one of these beads wrapped by
the DNA is known together as a nucleosome. (This figure was created with BioRender.com)
Nuclear transcription occurs in 3 steps: initiation, elongation and termination. During the
initiation step, RNA polymerase enzyme binds to the promoter region of a particular gene which
causes the unwinding of the double helix DNA. This allows the RNA polymerase to read the
DNA bases and form a sequence of complimentary bases (Nikolov & Burley, 1997). The
elongation step is defined by the literal elongation of this mRNA as more and more
complimentary nucleotides get added. This mRNA, at this time, gets temporarily attached to the
unwound complimentary DNA bases (Gnatt, Cramer, Fu, Bushnell, & Kornberg, 2001).
Transcription is terminated when RNA polymerase encounters the terminal sequence of bases.
The mRNA then detaches from the unwound piece of DNA which is then translated into proteins
in the cytoplasm (Cramer, 2019; Logan, Falck-Pedersen, Darnell, & Shenk, 1987).
This nuclear transcription is regulated by transcription factors which can be activators
and/or inhibitors of nuclear gene transcription. During nuclear transcription, activators bind to
the distal enhancer region of genes (Figure 3). This activator and enhancer interaction causes this
part of genome to fold over to the promoter region of genes which attracts RNA polymerase to
initiate transcription. Binding of inhibitors to the inhibitory region of genes prevents this
initiation of transcription (Cramer, 2019).

Figure 3: Representation of typical nuclear genomic region. Transcription starts by binding of
activators to the enhancer region of the gene. Promoter is the region transcription factors binds to
regulate gene transcription. 5’ UTR represents 5’ untranslated region, Start and Stop represents
the start and end of a gene sequence coding for a protein, respectively.
6

The nuclear genome encodes proteins that also have additional functions in mitochondria.
Examples of these proteins are Signal Transducer and Activator of Transcription 1 (STAT1),
Signal Transducer and Activator of Transcription 3 (STAT3) and p53. I will elaborate on these
proteins in the next couple of paragraphs. Proteins like these form the anterograde signaling
pathway (signaling from nucleus to mitochondria) for mito-nuclear communication. This is the
pathway the nucleus uses to send signals to and communicate with the mitochondria. By doing
so, the nucleus regulates mitochondrial biogenesis, ATP production, mitochondrial replication,
etc.
Two of the STAT family of proteins (STAT1 and STAT3) are localized in both
mitochondria and nucleus. STAT1 is a nuclear protein that also plays a role in mitochondria.
When STAT1 is phosphorylated, it acts as a tumor suppressor by playing an apoptotic role,
whereas unphosphorylated STAT1 is anti-apoptotic and helps prevent damage to DNA
(Stephanou & Latchman, 2003). When STAT1 localizes to mitochondria, it is suggested that it
plays a role in mitochondrial degradation through autophagy (mitophagy) (Bourke, Knight,
Latchman, Stephanou, & McCormick, 2013). STAT3 plays a bigger and more defined role in
mitochondria. STAT3 is a known protein that promotes tumor growth (Yang et al., 2005). Apart
from that, it also induces genes that are involved in DNA damage, development, and chronic
inflammation (Barry et al., 2010). It has been found that nuclear pathway of STAT3 is not the
only pathway through which it functions. STAT3 also localizes to mitochondria and causes some
transcription-independent effects. STAT3 can augment the activities of Complexes II and V of
ETC (Electron Transport Chain) (Gough et al., 2009). By doing that, it can increase ETC
function which affects ATP production and mitochondrial membrane potential. STAT3 can
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cause tumor growth also through the promotion of ATP synthesis and increase of mitochondrial
membrane potential.
Another apoptopic protein that is found in both the nuclear and mitochondrial
compartments and takes part in mito-nuclear communication is P53. It is a well-characterized
nuclear transcription factor protein that plays a lot of necessary roles in the nucleus. Among them
are DNA damage repair, regulation of cell cycle and apoptosis. When there is oxidative stress,
p53 localizes to the mitochondria and goes into the mitochondrial matrix. There it causes
necrosis by opening up mitochondrial permeability transition pore (Vaseva et al., 2012). It also
indirectly binds to the mitochondrial genome to maintain mtDNA stability through its associaton
with one of the mtDNA polymerase proteins (POLG-polymerase gamma) (Achanta et al., 2005).
Thus, through maintaining mtDNA stability or inducing mitochondrial necrosis when needed,
nuclear transcription factor p53 is able to regulate mitochondria on behalf of the nucleus.
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Chapter 3: CREB Pathway
CREB is one of the main proteins that form the retrograde signaling pathway between
mitochondria and nucleus. The protein I spent my Doctoral program studying, Jig, is part of this
retrograde signaling pathway through its association with CREB. So, in this chapter, I will go
over some of the main CREB pathways.
In the canonical CREB pathway, CREB is activated through G-protein coupled receptor
(GPCR). The G protein in GPCR is made of alpha, gamma and beta protein subunits. When a
signal reaches GPCR, the alpha subunit breaks out and attaches to Adenylyl Cyclase (AC) which
then converts ATP to cyclic AMP (cAMP) (H. Wang, Xu, Lazarovici, Quirion, & Zheng, 2018).
CAMP activates protein kinase (PKA) which phosphorylates CREB, causing CREB to bind to
DNA. Here, CREB protein makes a complex with its coactivators such as Creb Binding protein
(CBP), Creb regulated transcription factor (CRTC) and activating transcription factors (ATFs)
(Figure 4) (Pearce et al., 2017; Shaywitz & Greenberg, 1999). CREB can still regulate
transcription without one or more of them, but this complex formation helps CREB to regulate
gene transcription more efficiently (Altarejos & Montminy, 2011). This part is significant as the
protein, Jig, was discovered by us to be part of that complex.
Another way CREB can get activated is when ADP ribosyl cyclase catalyzes the
conversion of cyclic ADP-ribose which in turn is responsible for activating the release of Ca2+
ion in the cytoplasm. This activates Ca2+/calmodulin-dependent kinase II (CaMKII) which
phosphorylates CREB leading to its activation (Figure 5) (Chini, de Toledo, Thompson, &
Dousa, 1997). This is not a complete paragraph on its own. Either develop it as a stand-alone
paragraph or combine with the information above.
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Figure 4: Canonical CREB pathway. CREB-P represents phosphorylated cAMP response
element binding protein (CREB). P300 and CREB binding protein (CBP) are typical coregulators that bind to active CREB-P. Other co-regulators can be activating transcription factors
(ATF 1 and 2) and CREB-regulated transcription coactivator 1 (CRTC1). Together they bind to
the cAMP response element (CRE) promoter region.
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Figure 5: Non-canonical CREB pathway. cADPR is cyclic ADP ribose that stimulates the release
of Ca2 in the cytoplasm. Ca2+ activates CREB through phosphorylation (CREB-P). CREB-P
binds to the cAMP response element (CRE) promoter region of nuclear genes to regulate
transcription along with its co-regulators p300 and CREB binding protein (CBP).
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CREB enters the mitochondria through the action of Translocase of the Outer Membrane
(TOM). PKA-anchoring proteins (AKAP) then activate CREB through phosphorylation. This
activated CREB binds to the DNA loop region of the mitochondria and increases the transcription
of ND6, ND1 and ATP6 genes (Figure 6) (J. Lee et al., 2005).

Figure 6: CREB pathway in mitochondria. CREB translocates into the mitochondria through
translocase of the outer membrane (TOM). Protein Kinase A (PKA) activates CREB (CREB-P).
CREB-P binds to the D-loop which houses both the light and heavy strand promoters of mtDNA.
This leads to the increase in the transcription of ETC complex subunits ND6, ND1 and ATP6.
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PART II: INVESTIGATING MITO-NUCLEAR COMMUNICATION
Chapter 1: Introduction
Drosophila is one of the most used model organisms for research purposes. Drosophila
has a small genome that is fully sequenced, and its life cycle is short making it ideal for genetic
research. Moreover, Drosophila shares about 75% of the genes that cause diseases in humans
(Pandey & Nichols, 2011). Despite this, one-third of approximately 14,000 protein-coding genes
in the Drosophila genome code for proteins whose functions are unknown (Costello et al., 2009).
In order to investigate some of these uncharacterized proteins, I tagged the proteins with GFP
and cloned them into Drosophila melanogaster (see material and methods section). Confocal
images of these proteins tagged with GFP are shown in Figure 7. The goal was to find
protein/proteins that pique my interest for further investigation. This is when I discovered a very
scarce type of protein: protein dual-localized in both mitochondria and nucleus (Figure 7, last
panel). Since proteins dual-localized in mitochondria and nucleus are the ideal candidates to
study communication between mitochondria and nucleus, I decided to investigate this novel
protein which became the subject of my dissertation. Only around 19 proteins have been reported
to be mito-nuclear localized (Lionaki et al., 2016). It means that studying this novel protein that
is yet not been investigated and shown to be dual-localized will give us tremendous opportunities
to contribute knowledge to further understand mito-nuclear communication pathway that is vital
for survival of organisms.
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Figure 7: Localization of GFP fused proteins in vivo. Green signal presents GFP-tagged proteins.
Red represents DNA/mitochondria. This protein-GFP localization is specific to the protein that
GFP is tagged to.
Breakdown of communication between mitochondria and nucleus means mitochondria
will no longer be regulated causing uncontrolled cell cycle progression, unregulated
mitochondrial replication and ATP production. This is exactly what happens during cancerous
tumor formation when mito-nuclear communication breaks leading to uncontrolled cellular
growth and division. This kind of communication breakdown is also behind neurodegenerative
and age-related diseases (Y. Wang, Xu, Musich, & Lin, 2019; Xia et al., 2019). Mitochondrial
14

and nuclear communication is thought to occur through transcription factors (TFs) or
coactivators that regulate both mitochondrial and nuclear gene expression (Ryan & Hoogenraad,
2007). These transcription factors and coactivators can be activated by external stimuli, such as
changes in surrounding temperature, exercise, and food intake, as well as internal changes of
certain hormone levels (Baar et al., 2002; Houten & Auwerx, 2004; Lin et al., 2003; Puigserver
et al., 1998). The nucleus regulates mitochondrial biogenesis through these TFs (Dominy &
Puigserver, 2013). Nuclear Respiratory Factor 1 (NRF1), for example, activates transcription of
many nuclear-encoded mitochondrial genes involved in mitochondrial biogenesis, including
mitochondrial transcription factor A (TFAM) (Kelly & Scarpulla, 2004). Previous studies on
nuclear-encoded mitochondrial genes also led to the discovery of TF-like NRF2 and cAMP
response-element binding protein (CREB) that regulate the expression of nuclear-encoded
mitochondrial proteins (Kelly & Scarpulla, 2004). Translocation of such proteins from the
cytosol to the nucleus and back, followed by the association of such proteins with mitochondria,
has a coordinated effect on nuclear transcription and mitochondrial biogenesis, including
mitochondrial fission, fusion, and protein translocation. While this type of communication,
“anterograde signaling” from the nucleus to the mitochondria, has been described as a major
route of communication called between the organelles (Lionaki et al., 2016), another mechanism
of communication called “retrograde signaling” also takes place. For example, when stressed
mitochondria release Ca2+ into the cytoplasm, it triggers signaling pathways that activate nuclear
transcription factors, such as CREB, NFkB and ATF2, that activate genes responsible for
reducing mitochondrial stress (Liu & Butow, 1999; Ryan & Hoogenraad, 2007).
Apart from the mechanisms described above, there is a rare scenario with only a handful
of proteins that have been confirmed to reside in both, the nucleus and the mitochondrial matrix,
15

and directly interacting with both genomes (Lionaki et al., 2016). All such dual-localized TFs
and coactivators do not account for the regulation of all the nuclear genome-encoded
mitochondrial genes (Ryan & Hoogenraad, 2007), leaving a big gap of knowledge that prevents
the full understanding of the nuclear-mitochondrial communication pathway that coordinates the
expression of both genomes. Identification and study of more of these rare dual-localized
proteins would give us a better understanding of the molecular mechanisms underlying mitonuclear communication, as well as the impact on energetics. This is the reason I spent my PhD
career researching and contributing vital missing information needed to unlock the unknown
mysteries of mito-nuclear communication pathways.
Here we showed, for the first time, that a novel protein, CG14850, localizes to nuclear
chromatin and in mitochondria in Drosophila melanogaster. We named the CG14850 gene
product ‘Jig’ after the small fishing bait device, which is similar to the ribbon structure of Jig and
is designed to hook something and pull (here and thereafter CG14850 will be referred to as
‘Jig’). Using confocal microscopy, we showed that Jig binds to nuclear chromatin. Using a
genome-wide ChIP-seq approach, we have confirmed the association of Jig with nuclear
chromatin at specific loci and found that Jig binds mitochondrial and nuclear chromatin. Genes,
bound by Jig in both nuclear and mitochondrial genomes, were also identified. Coimmunoprecipitation revealed that Jig interacts with one of the dual-localized transcription
factors, CREB, that plays an important role in the nuclear-mitochondrial communication
pathway. Chromosome squash, followed by confocal microscopy experiments, confirmed the
functional and physical association of Jig with Drosophila CREB (CrebA) in the nuclear
chromatin.
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Chapter 2: Materials and Methods
Construction of Transgenic Drosophila Through Cloning
Genes were amplified from the Drosophila genome using desired primers. Following
ingredients were used in Bio-rad thermocycler for gene amplification: 5 ul of 10X PCR buffer, 1
ul of 10X dNTP, 1.5 ul of 50 mM MgCl2, 39 ul of water, 1 ul of DNA template, 0.5 ul of Taq
Polymerase, 1 ul of 10 nM of forward and 1 ul of 10 nM reverse primer. The PCR products were
then run on 2% Agarose gel to check for the desired bands of the genes amplified. Amplified
DNA was then purified from the PCR product using PCR Purification Kit from Qiagen. Purified
DNA was dissolved in 20ul of water. This dissolved DNA was added to 3 ul of 10X restriction
enzyme buffer, 1 ul of EcoRI and 1 ul of NotI restriction enzymes and 5 ul of water. The solution
was mixed and kept at 37oC water bath for 2 hours. This mixture was purified using PCR
purification kit from Qiagen and digested DNA (insert) was dissolved in 20 ul of water.
Plasmid Digestion
2 ul of 10X restriction enzyme buffer, 1 ul of EcoRI and 1 ul of NotI restriction enzyme
and 15 ul of water were added to 1 ul of pUAST-EYFP plasmid. Mixture was kept in 37oC water
bath for 2 hours. Digested plasmid was purified using PCR Purification Kit from Qiagen and
dissolved 20ul of water.
Ligation and Culture
2 ul of purified digested plasmid was added to 20 ul of insert DNA, 3 ul of 10X T4 ligase
buffer, 1 ul of T4 ligase and 4 ul of water. The ligation mixture was kept at 16oC overnight. Ligated
DNA was added to 50 ul of E.Coli competent cells and plated on LB agar plate containing 100mg
of Ampicillin for selection. The culture was then grown at 37oC incubator for 12 hours. Cells
without the addition of ligation mixture were also plated as a negative control.
17

After culture, the colonies are picked up using the head of pipette tips and mixed with 3
ul of LB Broth in 12 ul transparent culture flasks. These flasks were then incubated in a shaker at
37oC and 250 rpm for 12 hours. DNA from the cultures was purified using Mini-prep kit from
Qiagen. Purified DNA was dissolved in 50 ul of water. 5 ul of this is digested by using the same
method as before and checked on 2% agarose gel for desired bands. 10 ul was sent to Eton
Bioscience for sequencing to check for any mismatches or deletion, addition, etc. The cultures
with the right sequence were transferred to 50 ml tube and cultured and purified the same way as
mentioned previously except this time Midi-prep kit was used instead of Mini-prep. The Midiprep purified DNA was then injected into the posterior end of Drosophila embryo to incorporate
it into the Drosophila germline cells (Prokhorova, Voloshina, Shostak, Barskii, & Golubovskii,
1994; Spradling & Rubin, 1982).
Drosophila Strains and Genetics. Genetic markers are described in FlyBase (Thurmond
et al., 2019), and stocks were obtained from the Bloomington Stock Center, except as indicated.
P{w1, UAST::Tim17B-DsRed}(Dominy & Puigserver, 2013), called Tim17B-DsRed, was
described in (Garabedian, Jarnik, Kotova, & Tulin, 2011). The following GAL4 driver strains
were used: 69B-GAL4 (Tulin, Stewart, & Spradling, 2002) and Arm::GAL4 (Bloomington stock
# 1560) (Casso, Ramı́rez-Weber, & Kornberg, 1999). SiRNA transgenic Drosophila stocks
#48673 (siRNA1) and #104550 (siRNA2) were obtained from VDRC (Dietzl et al., 2007).
Western Blot. The following antibodies were used for immunoblotting assays: anti-Bactin (Mouse monoclonal, 1:5000, Sigma, #A5441), anti-Tubulin (Mouse monoclonal, 1:20000,
Sigma, B512), anti-CrebA antibody (Rabbit polyclonal, 1:2000, DSHB, AB_10805295) and antiGFP (Mouse monoclonal, BD, #632380, 1:4000). Western blotting was done using the detection
kit from Amersham/GE Healthcare (#RPN2106), according to the manufacturer’s instructions.
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Drosophila Salivary Gland Polytene Chromosome Immunostaining. 3rd instar larva
was collected. Using two forceps, the larvae were torn at the second head segment from the
larval shell, revealing all the larval organs including salivary glands All the larval organs were
discarded except for the salivary glands. 2 drops of Aceto-orcein stain were added to the sample
on the microscopic slide and incubated for 10 mins at room temperature. A cover slip was placed
on the salivary glands and the glands were covered with a paper towel and pushed down hard
using a thumb. The glands were crushed enough now for polytene chromosomes to be visible
under a microscope. The edges of the cover were sealed by applying nail polish to them (Lis,
Mason, Peng, Price, & Werner, 2000). The primary antibody used was anti-GFP (Rabbit, Torrey
Pines Biolabs, #TP401, 1:400), and the secondary antibody used was goat anti-rabbit Alexa-488
(Molecular Probes (1:1500)). Anti-CrebA antibody was also used (Rabbit polyclonal, 1:2000,
DSHB, AB_10805295). Slides were mounted in Vectashield (Vector Laboratories, Burlingame,
CA) with propidium iodide at 0.05mg/ml for DNA staining.
Whole-Mount Drosophila Tissue Immunohistochemistry. Third instar larvae of the
appropriate stages were collected prior to dissection. Tissues were dissected in Grace's insect
medium, fixed in 4% paraformaldehyde + 0.1% Triton X-100 in PBS for 20min, and blocked
with 0.1% Triton X-100 + 1% BSA for 2hr. These tissues were then incubated with primary
antibody overnight at 4°C, washed three times with PBS + 0.1% Triton X-100, and then
incubated with fluorescence-labeled secondary antibody Alexa Fluor 488, 568 or 633 goat antimouse or anti-Rabbit (1:1500; Invitrogen) for 2hrs at room temperature. After washing three
times with PBS + 0.1% Triton X-100, DNA was stained with TOTO™-3 Iodide (642/660)
antibody (1:3000, T3604, Fisher). Slides were mounted in Vectashield (Vector Laboratories,
Burlingame, CA).
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MitoTracker Red Staining. Salivary glands from early 3rd instar larvae were obtained
through dissection at room temperature. in Phosphate Buffer Saline (PBS). After a short PBST
(0.1%) wash, samples were incubated for 5 minutes in 100nM MitoTracker RedCMXRos. After
three short washes with PBST (0.1%), the samples were fixed in 4% paraformaldehyde in PBST
at room temperature. for 1 minute (Duncan, Kiefel, & Duncan, 2017).
Sample Preparation For Chip-Seq. Flies were bred in a tube for 8 hours, and the eggs
laid were allowed to grow at room temperature. The 3rd instar larvae at the 12hrs stage were
collected using 15% sucrose solution. About 0.20g of larvae were collected. Larvae were washed
with 1ml of 1X PBS by spinning them down at 10,000g. Larvae were homogenized with pestle
in 800ul 1X PBS, 10ul Protease inhibitor cocktail, 1ul Tween 20 and 250ul of PMSF.
Formaldehyde was added to 1.8%. Samples were crosslinked on a rotator at room temperature
(rtp) for 15 minutes. Crosslinking was quenched by adding 500mM of glycine. The quenched
samples were incubated on ice for 5 minutes. Larval cells were then centrifuged at 1000g for 3
minutes, the supernatant discarded, and the pellet suspended in 1ml of Sonication buffer (0.5%
SDS, 20mM Tris, pH 8.0, 2mM 0.5M EDTA, 0.5mM EGTA, 0.5mM PMSF and 100X Protease
inhibitor cocktail). Samples were then sonicated using the Bioruptor sonication machine for 20
cycles. Sonicated samples were centrifuged at 10,000g for 10 minutes, and the supernatant was
collected.
After overnight de-crosslinking, 750ul Phenol/Chloroform/isoamyl were added to the
samples and were vortexed and centrifuged at 10,000g. The top layer was collected, and DNA
was precipitated with 1ml of 100% ethanol. Samples were centrifuged at maximum speed for 20
minutes. Washing was done using 70% ethanol, and centrifuging was performed at maximum
speed for 5 minutes. The pellet was suspended in 22ul of nuclease-free water.
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For each IP, 10% of the sample was used for input. Each IP was diluted to a volume of 1
ml using IP buffer (0.5% Triton X-100, 2mM of EDTA, 20nM of Tris-HCL pH 8, 150nM NaCl
and 10% Glycerol). 100ul Agarose A beads (50% slurry with IP buffer) were added to each IP.
IPs were then rotated at 4oC for 1 to 2hrs. They were centrifuged for 1 minute at 1000g. 250ul of
IP buffer and 5ul of anti-GFP antibody were added to the supernatant. The IPs were rotated
overnight at 4oC. 200 ul of protein-A agarose (50% slurry) were added, and IPs were centrifuged
at 1000g in 4oC for 1min. Pelleted beads were washed with 1ml of low salt buffer (0.1% SDS,
1% Triton X-100, 2mM EDTA, 20mM Tris-HCL, 150mM NaCl), rotated for 4mins at rtp, and
centrifuged for 1 minute at 1000g. This washing procedure was repeated 3 times with high salt
buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCL, 500mM NaCl), 1 time with
LiCl buffer (2mM EDTA, 20mM Tris-HCl pH8.0, 0.25M LiCl and 1% NP-40), and 2 times with
1ml TE buffer (10mM Tris HCl pH8.0, and 1 mM EDTA). DNA from the IPs and Inputs were
eluted using 250ul of elution buffer (1% SDS, 100mM NaHCO3).
Decrosslinking was done overnight at 650C. 15ul of 1M Tris-HCL (pH7.5), 2ul
Glycoblue and 2ul Proteinase K were added to each sample and incubated at 650C for 30 mins.
DNA was extracted using 750ul of Phenol/Chloroform/isoamyl. DNA was sent to Novogene, a
sequencing company, for library preparation and sequencing. Three biological replicates of
experimental sample (3rd instar larvae with Jig-GFP expressed) and control (wild-type 3rd instar
larvae) were used in this experiment. Length of reads during sequencing for all the samples was
150. Number of reads for the 3 biological replicates of experimental samples were 39.7 million,
37.7 million and 40.9 million. The effective reads in percentage for these samples were 96.85%,
97.82% and 96.36%. Number of reads for the 3 biological replicates of control samples were 43
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million, 40.9 million and 37.7 million. The effective reads in percentage for these samples were
93.93%, 96.73% and 97.88%.
Chip-Seq Data Analysis. ChIP-seq analysis was done using the web-based Galaxy
platform. Paired-end reads were mapped against the DM6 Drosophila melanogaster genomic
database. Peak calling was done using the MACS2 callpeak tool with default parameters in
Galaxy. The distribution of Jig binding sites relative to Transcription Start Site (TSS) was
generated using the plotheatmap tool in Galaxy with a parameter range set to -3kb and +3kb
from TSS (Afgan et al., 2018).
Gene Ontology analysis was done with the String application using the Jig binding gene
list (Szklarczyk et al., 2021). Lists of active and inactive genes during the L3 12hrs stage were
obtained from Flybase (Thurmond et al., 2019). These gene lists were compared with the list of
Jig-bound genes using Excel to determine the percent of Jig-bound genes that were active genes
and inactive.
Human orthologs of Jig bound genes were obtained using DIOPT Ortholog Finder (Hu et
al., 2011). Human CREB target lists were obtained from the CREB transcription factor datasets
collected by Harmonizome from Encode Transcription Factor Targets Database (Consortium,
2012; Rouillard et al., 2016).
CrebA binding site data were obtained from the Encode Database (Consortium, 2012).
These data were generated from ChIP-seq on 3rd instar Drosophila melanogaster larvae with
anti-GFP antibody against CrebA-eGFP. CrebA gene ontology data were generated using the
same method as that used for Jig.
JC-1 Mitochondrial Membrane Potential Assay. 3rd instar Drosophila larvae at 6hrs
stage were dissected in HL-3 buffer (70mM NaCl, 5mM KCl, 20mM MgCl2, 10mM NaHCO3,
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115mM sucrose and 5nM HEPES, pH 7.2). JC-1 dye was added to HL-3 buffer at 1:800 dilution,
and each dissected larva was incubated in the solution for 10mins. Samples were then washed for
5mins using HL-3 buffer twice and mounted for imaging. Samples were excited at wavelengths
of 488nm and 555nm for green and red fluorescence, respectively (Z.-H. Wang, Clark, &
Geisbrecht, 2016).
Electron Microscopy. The salivary glands were dissected from 3rd instar larvae of
control and JIG knockdown Drosophila. They were fixed in 2% glutaraldehyde in 0.1M sodium
cacodylate buffer pH 7.4 at room temperature for 1 hour and rinsed 3 times for 10 minutes with
0.1M sodium cacodylate buffer. Post-fixation was done with 1% OsO4 in 0.1M sodium
cacodylate buffer pH7.4 for 1 hour at 40C and washed 3 times for 10 minutes with distilled
water. Samples were dehydrated with ethanol and propylenoxide and kept overnight in an 1:1
mixture of EMbed-812 and Propylene. Samples were then transferred to 100% EMBed. After
incubation for 72 hrs at 60°C, 70nm sections were cut on an RMC MTX ultramicrotomes, placed
on collodion/carbon-coated grids, and stained with 2% uranyl acetate/lead citrate. Sections were
viewed on a Hitachi 7500 TEM. (Tokuyasu, 1980).
Co-Immunoprecipitation Assay. Fifteen 3rd-instar larvae were collected for each
sample. They were then transferred to Eppendorf tubes and washed 3 times with 1 ml of distilled
water. 500ul of ice-cold lysis buffer (10mM Tris-HCl pH7.5, 150mM NaCl, 1mM EDTA, 0.2%
NP40, 1% Triton X100, 0.1% SDS, 1% Sodium Deoxycholate, complete TM protease inhibitors
(Roche) and 0.1mM Pefabloc SC (Fluka) were added to each tube, and larvae were homogenized
by hand pestle homogenizer at 40C. After incubating in ice for 3 minutes, samples were
centrifuged at 14500 rpm for 20min at 40C. Supernatants were put into new Eppendorf tubes at
40C. For each immunoprecipitation reaction, 500ul of total lysates were incubated with 25ml of
23

Protein-G Sepharose 4B (Sigma #P3296-5ML) on a rotating platform for 1hr 30min at 4oC.
Beads were removed by spinning 1min at 2000g. An appropriate amount of antibody was added
to the lysates, and the mixture was incubated 4hrs on a rotating platform at 4oC. The following
antibodies were used for immunoprecipitation: anti-GFP (JL8). Then, 30ul of Protein-G
Sepharose 4B were added to the lysates and incubated overnight at 40C with rotation. Beads were
washed 4 times for 5min in 1ml of the lysis buffer. Bound proteins were eluted by 60ml of 1X
Laemli with heating at 950C for 5min.
Third Instar Larval Staging. The start of L3 12 hrs is defined as the period right after
molting into the third instar from second instar. This period is ended by a mid-level ecdysone
spike during the middle stage of Drosophila 3rd instar larval development. This marks the start of
puffing stage 1-2 at which time the 3rd instar larvae start wandering out of the food. This time,
the larvae have a dark blue gut. This is the mid-stage of 3rd instar larval development. The latest
portion of 3rd instar larval development is puff stage 7-9 where different genes in Drosophila
salivary glands become puffed. Larvae have clear guts at this point. This period is ended by a
major ecdysone peak causing the larvae to form pre-pupae (Andres, 1992; Larkin et al., 2021).
Confocal Imaging and Quantification. Prepared slides were mounted on the Leica TCS
SP8 confocal microscope stage and viewed under 63X optical lens. Using lasers, samples were
excited at 488nm, 552nm and 638nm to detect fluorescence from GFP, CrebA and TOTO3 DNA
stain respectively.
The whole-cell area was chosen, and the fluorescence was recorded using ImageJ. The nuclear
area from samples were chosen and fluorescence was recorded. Fluorescence from the nucleus
was subtracted from fluorescence recorded from the whole area to get the fluorescence coming
from the cytoplasm.
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RNA Extraction Followed by Reverse Transcriptase qPCR
Twenty 3rd instar larvae were collected for samples labelled: siRNA Control, siRNA1 JIG
and siRNA2 JIG. RNA extraction from 3rd instar larvae for all three of these samples were done
using the RNeasy kit from Qiagen. G-column, provided with the kit, was used to remove
genomic DNA. M-NLV reverse transcriptase from Invitrogen was used to create cDNA. Realtime qPCR was done in Applied Biosystems StepOnePlusTM instrument using SYBR Green
master mix from Bio-Rad. DNA amount in each sample was normalized using the difference in
threshold cycle (CT) values (ΔCT) between rpL32 and Jig targets.
Primer sequences for Drosophila melanogaster ribosomal protein L32 gene (rpL32) were
5’-GCTAAGCTGTCGCAACAAAT-3’ (forward) and 5’-GAACTTCTTGAATCCGGTGGG-3’
(reverse).
Table 1: Primer sequences for Jig targets:
ccz1 (Forward)

GAAGGCGAGGAACACAAGAAG

ccz1 (Reverse)

AGTCCCACATCTTTGATTTTCGT

Cyt-c-d(Forward) TCTGGTGATGCAGAGAACGG
Cyt-c-d (Reverse) CACTTCGTAGGTGTGGCACT
Surf1 (Forward)

AAAGATGACACAACAGCGACC

Surf1 (Reverse)

GGAACCATCCCAAAGGAGCTA
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Chapter 3: Results
Jig Encodes A 19kda Protein That Controls Drosophila Development
The Drosophila Jig protein is encoded by a small intronless gene located in the third
chromosome (Figure 8A, Figure 16). Jig protein, containing 158aa with a nuclear localization
signal, was located at the C-terminus (Figure8A-B). The Swiss Model (Waterhouse et al., 2018)
and Phyre square software (Kelley, Mezulis, Yates, Wass, & Sternberg, 2015) predicted a 3D
model of Jig protein with local protein folding similar to that of the ADPr-cyclase protein
(Figure 8B). The modENCODE Tissue and Temporal Expression Project (Graveley et al., 2011)
data analysis demonstrates that Jig expression is limited to a very short developmental stage, 3rd
instar larvae (Figure 8C), and that it is almost exclusively limited to precursors of adult tissues,
imaginal disks, and larval salivary glands (Figure 8D). Previous genome-wide studies (Giot et
al., 2003; Murali et al., 2011) reported that CG14850 protein product (Jig) potentially interacts
with nine Drosophila proteins, including transcriptional factor cyclic-AMP response elementbinding protein A (CrebA), which is involved in nuclear genome regulation (Johnson et al.,
2020) (Figure 8E). Other Jig putative interactors include two other transcriptional factors called
longitudinals lacking (LOLA) and X-box binding protein 1 (XBP1); two cytoskeleton-associated
proteins called dilute class unconventional myosin (DIDUM) and CG5787; component of
protein-degradation machinery, SKP1-related A (SKPA); cyclic nucleotide-binder, Leucine-richrepeats and calponin homology domain protein (LRCH), as well as a component of phospholipid
biosynthesis, bb in a boxcar (BBC) (Larkin et al., 2021).
Owing to its very small size, extensive search does not reveal any obvious homologs to
Jig, other than in Drosophilae genomes. In the Drosophila melanogaster genome, Jig has nine
paralogs (Figure 8F, Figure 16), four of which are located on the same chromosomal locus
26

(Figure 8A). Four paralogues, Jig, CG14851, CG8087 and CG13135, share almost all Jig protein
features (Figure 16), including five conserved cysteines, suggesting that these proteins are either
involved in protein-protein interactions via disulfide bounds or have Zn-finger-like structural
domains.
To study functions and localization of Jig in vivo, we created a transgenic reporter
construct by fusing the Jig with a C-terminal green fluorescent protein (GFP) tag under the
control of inducible UAS promoter (Figure 8A), and we generated transgenic flies expressing the
fusion protein (Figure 8G). We have also designed two siRNAs to knock down Jig product in
vivo. In our control experiment, the expression of these siRNAs effectively eliminated Jig-GFP
protein expression (Figure 8G). The ubiquitous expression of these RNAi transgenes in wildtype Drosophila arrests the fly’s development at early 3rd instar larval stage (Figure 8H) but
does not cause immediate lethality. These observations indicate that Jig has a vital function
during Drosophila development.
Jig Protein Localizes to Nuclear Chromatin and Mitochondria
To monitor the subcellular localization of Jig protein, we expressed the UAS-Jig-GFP
transgenic reporter using ubiquitous GAL4 driver. An immunoblot analysis using a GFP
antibody (anti-GFP) demonstrated that the transgene produces a single 46-kDa protein (Figure
8G). This expression is well tolerated by animals and has no effects on Drosophila development,
viability, fertility, or health. Confocal microscopy of dissected tissues of 12hrs third instar larvae
expressing recombinant Jig-GFP identified Jig as a protein localized to both nucleus and
cytoplasm. In the nucleus, one fraction is bound to chromatin and the other is enriched in
nucleoli (Figure 9A). Co expression of Jig-GFP with mitochondrial protein TIM17b-
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Figure 8: D. melanogaster gene CG14850 (JIG) encodes a protein that plays vital roles in
development. A. Structure of the genomic locus encoding Jig (above); structure of GFP-tagged
Jig transgenic reporter (middle); predicted structure of Jig protein (below). Red frames indicate
paralogues of Jig. B. Three-dimensional structure of Jig protein predicted by the SWISSMODEL (Waterhouse et al., 2018) and Phyre square software (Kelley et al., 2015). C. Jig protein
expressed from embryo to adult stages. Data obtained from the mod ENCODE Temporal
Expression Data Project (Graveley et al., 2011). D. Jig protein expressed almost exclusively in
larval imaginal discs and larval salivary glands. Data was obtained from the mod ENCODE
Tissue Expression Data Project (Graveley et al., 2011). E. Two-hybrid approach identified nine
proteins interacting with Jig protein in Drosophila (Giot et al., 2003; Murali et al., 2011). F.
Evolutionary tree of Jig paralogs in the D. melanogaster genome (see also Figure 16). Red
frames indicate paralogues of Jig located in the same genomic locus. G. Knockdown-transgenes
eliminate Jig-GFP protein expression in Drosophila. Two different siRNA constructs against Jig
were expressed using 69B-GAL4 driver in Jig-GFP-expressing Drosophila. Total protein
extracts from third instar larvae were subjected to Western blot analysis using anti-GFP
antibody. LexA siRNA-expressing animals of the same genetic background were used as a
control. Tubulin antibody was used as a loading control. H. Jig is required for Drosophila
development. siRNA against Jig was expressed using 69B-GAL4 driver in wild-type Drosophila.
All Jig siRNA-expressing animals were arrested in early third instar larval stages. LexA siRNAexpressing animals of the same genetic background were used as a control.
DsRed (Garabedian et al., 2011) (Figure 9B) and co-staining with mitotracker reagent (Figure
9C) showed that those cytoplasmic organelles where Jig localizes are mitochondria. The analysis
of Jig protein binding to chromatin using immunostaining of larval polytene chromosomes
squash demonstrated that Jig binds to approximately 200 loci in the euchromatic portion of
Drosophila genome (Figure 9D).
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Figure 9: Jig protein localizes to mitochondria and nuclear chromatin in Drosophila third instar
larval cells. A. Jig protein has a dual nuclear-cytoplasmic localization. Jig-GFP (Green)
transgene was expressed using 69B-GAL4 driver in wild-type 12hrs third instar larvae. A single
salivary gland cell is shown. DNA was detected using TOTO3 (Red) dye staining. B. Jig protein
is localized to mitochondria. Third instar larval salivary glands expressing Jig-GFP (Green) and
mitochondrial protein TIM17B-DsRed (Garabedian et al., 2011) (Red) was stained with TOTO3
(Blue) to stain nuclear chromatin. C. Jig protein is localized to mitochondria. Third instar larval
salivary glands expressing Jig-GFP (Green) were stained with mitotracker568 (Red) to detect
mitochondria and TOTO3 (Red) to stain nuclear chromatin. D. Jig protein binds to nuclear
chromatin. Salivary glands were dissected from third instar larvae expressing Jig-GFP, squashed
and stained with anti-GFP antibody (Red); DNA was detected using TOTO3 dye (Green). N –
nucleus.
Jig Protein Localization Changes During Late Third Instar Larval Stages
We found that intracellular distribution of Jig protein changes during third instar larval
development (Figure 10). Intrinsic Jig is only expressed from L3 12hrs stage to prepupae stage,
so we tested only this period. Based on quantification of confocal microscopy pictures, by stage
L3 12hrs, 73% of the total Jig-GFP had accumulated in mitochondria, while 27% had bound to
nuclear chromatin and nucleoli (Figure 10A). By L3 PfSt 1-2, the distribution had changed to
56% in mitochondria and 44% in nuclei (Figure 10B). Aside from binding to chromatin and
nucleoli, at this later stage in development, Jig also accumulates in extra-chromosomal bodies
(Figure 10B, arrowheads). By stage L3 PfSt 7-9, 94% of Jig-GFP has already translocated to
nuclei, has been excluded from chromatin and nucleoli, and is now primarily localized to extrachromosomal particles (Figure 10C). Analysis of confocal microscopy images confirmed the
progressive re-localization of Jig protein from mitochondria into nucleoplasm during third instar
larval development (Figure 10D). Taken together, these data strongly suggest that Jig protein
may play some role in nuclear-mitochondrial communication and likely coordinates nuclear and
mitochondrial functions.
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Figure 10. Jig protein localization changes during late third instar larval stages. A. Jig-GFP
protein localizes to mitochondria and in nuclear chromatin during early third instar larval stage.
B. Jig-GFP starts to accumulate in extrachromosomal nuclear particles (arrowheads) by the puff
stage in 1-2 third instar larvae. C. Jig-GFP is mostly lost from mitochondria and chromatin and
enriched in extrachromosomal nuclear particles (arrowheads) by puff stages 7-9 (Graveley et al.,
2011). D. Jig protein relocalizes from mitochondria to nucleoplasm during third instar larval
development. Quantification of the ratio between the intensity of total cytoplasm and total
nucleoplasm fluorescence was calculated for the L3 12hrs, L3 PfSt 1-2 and L3 PfSt 7-9 samples.
Experiments were performed in 10 biological replicates with mean +/- the standard error of the
mean graphed for the distinct L3 stages. “N” marks nuclei. *** p-value is 0.01.
Jig Protein is Required for Proper Function of Mitochondria
To test whether Jig plays any role in mitochondrial stability and/or survival, we first
analyzed if mitochondrial morphology is affected in absence of Jig using transmission electron
microscopy (Figure 11A). Tissues from the animals expressing control siRNA and siRNA
against Jig were dissected from L3 12hrs stage larvae and compared with respect to
mitochondrial morphology. Strikingly, typical mitochondria (Figure 11A, left) were scarce in Jig
knockdowns (Figure 11A, right). Instead, we observed a large number of small mitochondria
(Figure 11A, arrowheads), as well as mitochondria with an abnormal phenotype that retained
residual cristae inside (Figure 11A, arrow).
To test whether Jig-knockdown mitochondria are still metabolically active, we employed
the JC-1 mitochondrial membrane potential assay (Z.-H. Wang et al., 2016), which is used to
quantify the fraction of active mitochondria in the cell using confocal microscopy. JC-1 is a
fluorescent dye that exists as green-emitting monomers in solution, but these monomers can
reversibly aggregate in mitochondria with high membrane potential, forming red-emitting
complexes and thus highlighting healthy organelles. Data presented in Figure 11B-C demonstrate
that knocking Jig down severely diminishes the active mitochondrial fraction. This last
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observation strongly supports our hypothesis that Jig plays an important role in supporting
normal mitochondrial metabolism.

Figure 11. Jig protein is required for mitochondria functions and morphology. A. Mitochondrial
morphology is affected in Jig knockdowns. siRNA transgenic constructs against Jig (right panel)
or control siRNA (left panel) were expressed using 69B-Gal4 drivers in wild-type flies. Salivary
glands were dissected and subjected to transmission electron microscopy analysis. Arrowheads
indicate abnormally small mitochondria in Jig knockdowns. The arrow indicates abnormal
mitochondria with cristae inside. The white bar corresponds to 2 µm. B-C. Mutating Jig disrupts
mitochondrial function based on the JC-1 mitochondrial membrane potential assay. siRNA
transgenic constructs against Jig or control siRNA were expressed using 69B-Gal4 drivers in
wild-type flies. Salivary glands were dissected and stained alive with JC-1 which stains all
mitochondria green, while staining the physiologically active mitochondria red (B); then the ratio
(C) between the intensity of red and green fluorescence was calculated for the control and
experimental samples. Experiments were performed in three biological replicates with the mean
and standard error of the mean graphed. “N” marks nuclei. * p-value is 0.5.
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Jig Protein is a Component of CREB Protein Complex
CREB protein complex plays important roles in mitochondrial and nuclear transcription
(Kelly & Scarpulla, 2004; Junghee Lee et al., 2005). Two independent groups reported that
Drosophila CrebA protein interacted with Jig in yeast two-hybrid experiments (Giot et al., 2003;
Murali et al., 2011). To confirm the functional interaction of Jig with CREB protein complex in
the cell, we first tested if these proteins colocalized in vivo using immunostaining. First, we
confirmed that Drosophila CrebA protein localizes to the nuclei and mitochondria. To determine
if Jig and CrebA colocalize in Drosophila chromatin we performed immunostaining of larval
polytene chromosomes squash for CrebA and Jig-GFP. Notably, almost 100% of CrebA-positive
sites were also occupied by Jig (Figure 12A). Co-immunoprecipitation shows that Jig directly
interacts with CrebA protein (Figure 12B). Nuclear localization of CrebA protein, which is
normally detected in wild-type Drosophila tissues, is severely diminished in Jig knockdowns
(Figure 12C-D). This data strongly suggests that Jig is required for CREB localization at the
nucleoplasm.
Jig Protein Together with CrebA Binds Promoters in Nuclear and Mitochondrial Genomes
To determine the exact genomic distribution of Jig protein in Drosophila larvae, we
performed ChIP-seq assays with anti-GFP antibody (see Materials and Methods). We performed
ChIP-seq with wild-type Drosophila as a background control. Analysis of Jig occupancy in the
nuclear genome identified two groups of Jig binding sites: unique and repetitive genomic
sequences (transposons), suggesting that Jig plays a role in the transcriptional regulation of both
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Figure 12. Jig protein controls CrebA complex localization in nuclei. A. Jig and CrebA proteins
are colocalized in chromatin. Salivary glands of Drosophila larvae expressing Jig-GFP were
dissected from 3rd instar larvae, squashed and stained with monoclonal anti-GFP (Green) and
polyclonal anti-CrebA (Red) antibodies; DNA was detected using TOTO3 (blue). Arrows
indicate sites of obvious colocalization of Jig and CrebA in polytene chromosomes. B. Jig
protein interacts with CrebA in Drosophila. Immunoprecipitation assays using monoclonal antiGFP antibody. Drosophila stocks expressing Jig-GFP or coexpressing Jig-GFP and Jig siRNA
were used. Wild-type (WT) Drosophila stock was used as a control. To detect protein on
Western blots, the following antibodies were used: rabbit anti-CrebA; rabbit anti-GFP (to detect
Jig-GFP); rabbit anti-Tubulin. C-D. Jig protein is required for CrebA complex delivery to nuclei.
siRNA transgenic constructs against Jig (right panel) or control siRNA (left panel) were
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expressed using 69B-Gal4 drivers in wild-type flies. Salivary glands were dissected from 3rd
instar larvae L3 12hrs stage and subjected to immunostaining using anti-CrebA antibody (green).
DNA was stained using TOTO3 dye (red). Images (C) were obtained using confocal microscopy
and quantified (D) using Image J software. Arrows show nuclei. Experiments were performed in
three biological replicates. 5 – 10 cells were analyzed in each experiment. *** p-value is 0.01.
unique loci and repetitive DNA. We identified 1476 unique Jig binding sites, among which 1469
are in the nucleus and 7 in the mitochondria. We identified 461 sites that Jig bound to be in
repetitive regions. Similar to CrebA, Jig bound mostly to the promoter region near the
transcriptional start sites (TSSs) (Figure 13A) suggesting that Jig, together with CrebA, is
involved in the regulation of gene expression. Jig and CrebA binding profiles on genomic
regions ranging from highly active to silent genes are also the same and they both bound mostly
to active genes (Figure 13B). We found Jig protein to be broadly bound along the mitochondrial
genome (Figure 13C). The binding profile of Jig in mitochondria is the same as CrebA (Figure
13C).
Jig bound to within -5kb and +5kb of 966 genes. Seventy percent (678) of these genes are
active during the first 12 hours of 3rd instar larval development (Graveley et al., 2011). Thirty
percent (288) genes are inactive at this stage. Out of 966 Jig-bound genes, 776 have orthologs in
the human genome and 74.48% of these orthologs were reported to be CREB targets in humans
according to Encode Transcription Factor Targets Database (Consortium, 2012; Rouillard et al.,
2016) (Figure 13D). To determine if Jig target genes and CrebA target genes share similar
functions we compared gene ontology (GO) of Jig and CrebA target genes. We found that the
most enriched functions are common for both Jig and CrebA targets (Figure 13E). These
functions belong to three main categories, development, morphogenesis and differentiation,
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Figure 13. Jig and CrebA are colocalized in the mitochondrial and nuclear genome at the TSS of
active genes. A. Heatmap showing ChIP-seq signals of Jig and CrebA. Jig and CrebA are mostly
bound to the TSS across the genome. B. Binding profile of Jig and CrebA to silent and active
genes in WT third-instar larvae (Orange = Silent; Light Green = Low; Light Blue = Moderate;
Dark Blue = High). C. pyGenomeTracks showing the distribution of Jig and CrebA across the
mitochondrial genome. D. 966 Jig bound genes are converted to their orthologs in human
genome. They are matched against the human CREB target genes list. Out of these genes, 776 of
them had orthologs. 74.48% (578) of these genes are also reported to be CREB targets. 25.52%
(198) of them are only Jig targets. E. Examples of gene ontology terms that are overrepresented
among Jig or CrebA target genes. The top part corresponds to gene ontology terms involved in
development, the middle part is the gene ontology involved in morphology and the bottom part is
the gene ontology terms involved in differentiation. Color scale corresponds to false discovery
rate (FDR) adjusted p-value. Dark gray tiles correspond to gene ontology terms that are not
overrepresented.
suggesting that Jig and CrebA regulate the expression of developmental genes (Szklarczyk et al.,
2021). Collectively, our findings suggest that Jig together with CrebA play a major role in
Drosophila development through gene transcriptional regulation in both nuclear and
mitochondrial genome.
Jig Regulates Transcription of Active Nuclear and Nuclear-Encoded Mitochondrial Genes
Ccz is one of the most prominent targets of Jig as it was highly enriched in our Jig chipseq data. It is also one of the most active genes during Drosophila third instar larval
development. When Jig is knocked down, ccz is significantly downregulated (Figure 14). Surf-1
and cyt-c-d are nuclear-encoded mitochondrial proteins responsible for the assembly and proper
functioning of complex IV of OXHOS chain, respectively. They are the targets of Jig and when
Jig is knocked down, Surf1 is significantly upregulated and cyt_c_d is significantly
downregulated. This proves that Jig not only regulates the transcription of active nuclear genes
but also regulates the transcription of nuclear-encoded mitochondria genes.

39

Figure 14. Jig regulates transcription of active nuclear and nuclear encoded mitochondrial genes.
Y-axis represents the expression level of Jig targets in Jig knockdown Drosophila larvae
compared to control. Blue bar presents expression RNA level in siRNA Control (siRNA against
LexA). Pale and Grey bar represents RNA expression level in Jig knockdown Drosophila in two
different siRNAs. Nuclear encoded mitochondrial proteins: surf1, cyt_c_d are significantly up
and downregulated, respectively, when Jig is knocked down. Ccz is one of the top Jig targets
which is active in normal larvae but downregulated in Jig knockdown larvae. This experiment
was done in triplicates. *** means significant as P value < 0.05.
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Chapter 4: Discussion
In this study, we demonstrated that a protein with a previously unknown function, which
we termed as Jig, localizes to both mitochondria and nucleus, a rare phenomenon demonstrated
by only a handful of proteins. This type of dual-localized protein is often involved in the
communication between mitochondria and nucleus, which is essential for cell survival. Many
important proteins of the body consist of subunits, some of which are transcribed by
mitochondria and others by the nucleus. Moreover, when a mitochondrion is under stress, it must
send signals to the nucleus to transcribe genes that will help to relieve the stress and return to a
steady-state condition. Similarly, the nucleus can also send signals to mitochondria to transcribe
genes that will help bring the cell to homeostasis, as needed (Jazwinski, 2013; Soledad, Charles,
& Samarjit, 2019). The importance of this nuclear-mitochondrial communication has led many to
investigate proteins localized in both mitochondria and nucleus. However, this communication
pathway is still not fully understood. When we identified the Jig protein and determined that it
localized to both nuclear and mitochondrial compartments, it prompted a thorough investigation
into this protein’s potential function in mito-nuclear communication. Through ChIP-sequencing
and chromosome squash imaging, we showed that this protein not only has dual localization but
can also bind to the genomes of both nuclear and mitochondrial compartments.
The unique temporal and spatial expression pattern of Jig protein localization is specific
to the 3rd larval stage of Drosophila melanogaster development. Jig moves from mitochondria to
nucleus from early to late third instar larval stage. The distribution of this protein is highest in the
mitochondria at the earlier third larval stage and highest in the nucleus near the end of the 3rd
larval stage (Figure 10). Jig is vital for Drosophila development and its knockdown causes
developmental arrest in Drosophila at 3rd larval stage (Figure 8H). Knocking down Jig disrupts
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normal mitochondrial shapes and sizes, leading to mitochondria with decreased membrane
potential, i.e., less capacity to produce ATP (Figure 11). We also showed that Jig does not
function alone. It binds to Drosophila CREB. This protein has been a subject of immense study
in mammals to understand its role in nuclear and mitochondrial communication (Ryan &
Hoogenraad, 2007; Valsecchi, Ramos-Espiritu, Buck, Levin, & Manfredi, 2013). Ever since the
discovery of retrograde response genes (RTGs) in yeast that mediate mitochondria signaling to
the nucleus, thus establishing a retrograde communication pathway with it, researchers have been
trying to find equivalent genes in mammals (Eisenberg-Bord & Schuldiner, 2017). Instead, in
mammals, they found that this function is served by several genes that establish a retrograde
communication signaling pathway between mitochondria and the nucleus. CREB is one of these
proteins (Lionaki et al., 2016).
Under steady-state conditions, CREB translocates to mitochondria (Abrams & Andrew,
2005; Ryu et al., 2005). The imposition of stress, such as oxidative stress, leads to changes in
calcium ion levels or disruption of the electron transport chain. In response, nuclear transcription
factors like CREB translocate to the nucleus to regulate genes (Arnould et al., 2002b). In this
way, mitochondria communicate with the nucleus, and CREB plays a key role in this retrograde
signaling pathway. Our data show Jig protein binds to CREB and colocalizes with CREB in the
nuclear chromatin, whereas Jig knockdown disrupts CREB localization into the nucleus (Figure
12 C-D). When mitochondria need to communicate with the nucleus owing to a particular stress,
the Jig protein “hooks” CREB and facilitates its trafficking to the nucleus where CREB can bind
to genes to regulate nuclear/mitochondrial functions (Figure 15). Thus, any dysfunction in
mitochondria will lead to retrograde signaling carried by proteins like CREB to help return cells
to homeostasis. Therefore, it is not surprising that knockdown of Jig prevents CREB
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accumulation in the nucleus and causes mitochondria to lose their functionality and become
smaller and less active. These compromised mitochondria are energetically impaired by the loss
of nuclear communication. This leads to the eventual arrest of growth and lethality in Jig
knockdown Drosophila.
Both Jig and CrebA bound to almost the whole mitochondrial genome in exactly the
same pattern, suggesting a Jig-CrebA dependent regulation of these genes. These genes code for
subunits of Oxidative phosphorylation pathway proteins (Barshad, Marom, Cohen, & Mishmar,
2018). This explains why the knockdown of Jig causes morphological and functional changes in
mitochondria (Figure 13C; Figure 11 A-C). Furthermore, we showed that both Jig and CrebA
bind mostly to active genes and possess the same binding profile in Drosophila genome (Figure
13 A, B). These active genes are mainly involved in developmental processes (Figure 13E).
Developmental arrest during third instar larval stage that we observed when Jig function is
disrupted could be due CrebA no longer being transported to the nucleus, leading to
misregulation of the expression of these developmental genes (Figure 8H, 6E).
Even though it performs a vital function, Jig is only present in Drosophila during a
specific developmental stage. We predict that this vital function is carried out by its paralogues
(Figure 8F) when Jig is no longer present. Paralogues, such as CG11300, CG14852 and
CG12491, are expressed in either the first larval or the embryonic stage too, potentially carrying
out a function similar to that of Jig protein (Thurmond et al., 2019). Jig protein has a conserved
region of 5 cysteines that are also present in a group of its paralogues: CG14851, CG13135 and
CG8087. Interestingly, these are not the only proteins with these conserved cysteine groups since
they are also found in the Arabidopsis plant species. This group of proteins named
plasmodesmata callose binding proteins (PDCBs) because they function in cell-cell trafficking
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by anchoring to the plasma membrane using the part of the structure that contains the 5-cysteine
group (Simpson, Thomas, Findlay, Bayer, & Maule, 2009). One possible interpretation of the
structure/function relationship in the Jig protein is that the cysteine-based motif helps in
anchoring CREB to DNA. Along with that feature, Jig has a strong positively charged Arginine
region at its C-terminal end which helps it to localize to the nucleus. It is well known that CREB
forms a complex with other proteins like CREB binding protein, ATF1, in the region of the gene
it is going to transcribe (Mayr & Montminy, 2001). Because of its structure, our model suggests
that Jig plays an anchoring role for this complex on the gene promoter.
Jig itself is also responsible for regulating genes. It binds to nuclear-encoded
mitochondrial genes. So, when Jig is knocked down, it causes misregulation of nuclear-encoded
mitochondrial proteins like Surf1 and Cyt-c-d (Figure 14) involved in the proper functioning of
the OXPHOS chain. This suggests that mitochondria are communicating with the nucleus for the
proper functioning of the OXPHOS chain by the use of Jig protein, but its knockdown disrupts
that communication, thereby leading to the change in morphology and membrane potential of
mitochondria (Figure 11).
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PART III: FUTURE STUDIES
Chapter 1: Other Potential Roles for Jig
Broad binding of Jig protein to the mitochondrial genome closely resembles the binding
of Mitochondrial Transcription Factor A (TFAM) to the mitochondrial genome. TFAM
maintains mtDNA integrity (Y. E. Wang, Marinov, Wold, & Chan, 2013). Our Chip-seq results
in Figure 13C show Jig binding to the mitochondrial genome in a similar manner. Figure 15
shows the result of another ChIP-Seq we performed on Jig that confirms the same pattern of
binding to mitochondrial genome. Due to how broadly TFAM binds to mtDNA, it coats the
whole mitochodnrial genome which is thought to give mitochondria its nucleoid structure. This
type of binding is unique which earned TFAM the name of being the central mtDNA packaging
factor (Y. E. Wang et al., 2013). Jig showing the same pattern of binding might suggest that it is
playing a similar role as TFAM.
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Figure 15: Jig protein shows a similar binding pattern as TFAM to the mitochondrial genome.
This shows the whole mitochondrial genome. The outermost ring shows the position of genes
coding for subunits of ETC complexes. Starting from the innermost ring, the first ring represents
signal along mtDNA from wild type Drosophila larvae, second ring represents signal from JigGFP expressing Drosophila larvae. Third and fourth ring represents signal from a second set of
wild type and Jig-GFP expressing Drosophila larvae, respectively.
Transposable elements are genomes that got integrated from retro viral genome. When
retro viruses infect Drosophila, they make a DNA copy of their genome which they insert into
the host genome which, in this case, is Drosophila genome (Coffin, 1979). Transposable
elements can also be referred to as “jumping genes” as they can “jump” from one site in the
genome to another site in the genome. One of the most prominent of these transposable elements
in Drosophila genome is Copia. It contains a long terminal repeat (LTR) before and after the
coding region. The coding region codes for Gag, Pol and Env (Coffin, 1979). Gag codes for the
viral core structure, Pol codes for reverse transcriptase in the viral genome and Env codes for the
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protein that envelopes the virus. Jig binds to the coding region and just before and after coding
region of Copia genome (Figure 16). From genome-wide data in FlyBase, it was shown that
expression of JIG mRNA increases 402 folds after Sindbis virus infection (Larkin et al., 2021).
So, Jig may be a regulator of antiviral response by suppressing the expression of viral genome.
This can be an interesting area of research for Jig in the future starting with conducting reverse
transcriptase qPCR on RNA obtained from Jig knockdown to see whether the Copia genome is
upregulated.

Figure 16. Specific Jig binding sites in Copia retro viral genome. LTR represents the long
terminal repeats. Gag codes the core viral structure, Pol codes for a reverse transcriptase (RNAdirected DNA polymerase), Env codes for viral envelope. The numbers represents bases along
the copia genome. Red, green graph represents the Jig binding signals along the copia genome.
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We know that Jig performs a vital function in development as knocking it down causes
developmental arrest. However, this vital protein is only expressed during specific stages of 3rd
instar larval development. At other stages of development, other proteins need to retain effective
communication between mitochondria and nucleus for Drosophila development and survivial.
Figure 17 shows the potential candidates for those proteins. These proteins can be the subject of
future research to understand more of mito-nuclear communication pathway. Especially, proteins
like CG14851, CG8087 and CG13135 are the best candidates to fill the role of the Jig protein
later in development as they do not just share similar amino acid sequences but are also part of
4/5 cysteine family of proteins and have strong nuclear localization signal just like Jig
(CG14850) does. Despite not being part of this family, CG14852 is also a good candidate as it as
a similar tandem repeat of proline just like Jig (CG14850) along with strong NLS and similar
amino acid sequences. Having a strong NLS and similar amino acid sequences mean that it is
going into the nucleus and possibly binding to nuclear chromatin. Having similar proline repeats
means that part of CG14852 protein is folded in a loop just like Jig.
A.

CG14850(Jig)/CG14851/CG8087/CG13135:
CG14850
MRATSIILSGVLVLVACLLRSSE-AVTCTADPNVTGCIDCTTSPSDPE--CVAEAA-NTT-TK----P
CG14851
MRAATIIF-AILVLAACLLRSSE-AVTCTADPTVTGCINCTTNPTDSE--CVAEAAAATSTTTTVA-P
CG8087
MKATTILA-VVSVLTACLLRSSE-AVTCTADATVTGCIDCTTNPTDSE--CVAEAAADTTSTT-VATP
CG13135
MRKSLLIVGSLLVTIFLAHLPVGLAVSCADDPTDTACIDCTDTANAAEADC---------TTTTAA P
CG14850
ADGTDTTTPTTGGSTDATPAGSTTPTSPSGTV----------------TPAP
TSSPSDSTSPSDSTPT
CG14851
ATSTVATTTSATATTTAASSTNTSSGRRKIVRITNLRYT NVRRIRVN---R----NG-SG---ST-T
CG8087
-TTT-ATTT--TAPTT--SSG-TGTGSRKIVRVSNLRYSVN-RRIRINTTARSTSSNGRSGRR-STNT
CG13135
EVTTAAAEVTTAASADGETTTAAASATDTTTASSGGSGKKRVRRTFRR---KV-----------SR-P
CG14850
CG14851
CG8087
CG13135

SNNAAAVARRRRRMAARRRAQRRRRAQRRRDQRRRRAQRRRRQNQSG
VRN-----RRRRNN-SRRVNVRRANGNV---------------IVVG
NRN-----RRRRNNNARQGNSRSSRGNVR--------------VVVG
-RK----IKKRRSNIKKRRSNRGR--------------NNRRSQNSG
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B.

CG14850(Jig)/CG14852:
CG14850
MRATSIILS-GVLVLVACLLRSSEAVTCTADPNV-TGCIDCTTSPSDPECVAEAANTTTKPADGTDTT
CG14852
MRTTTLLLSLGLLVL--C--FSSYSF-AEDDPTDGSTTPTDGSTTPTDGSTT-PTDGSTTPTDGSNTCG14850
TPTTGGSTDATPA-GSTTPTSPSGTVTPA-PTSSPSD-STSPSDSTPTS------------------CG14852
-PTDGSTT---PTDGSTTPTDGS--TTPTDGSTTPTDGSTSPSTSPSTGDNTSPSTGSPDSTPDSGSG

C.

CG14850
CG14852

-----NNAAAVARRRRRMAARRRAQ--RRRRAQ--RRRDQRRRRAQRRRRQNQSG
SNNSGNNKRNN-RRRRRQ----RAQRARRRRAQQARRRRNRRNNRNNRLSRTNSI

CG14850(Jig)/CG11300:
CG14850
MRATSIILSGVLVLVACLLRSSEAVTCTADPNVTGCIDCTTSPSDPECVAEAANTTTKPADGTDT---T
CG11300
MRCQFVIAFGLLALIA----------------TAYADSPPAAGSPPASSPPAGTPTSPPPATGTPPSP
CG14850
TPTTGGSTDATPAGST--------TPTSPSGTVTPAPTSSPSDSTSPSDSTPTSNNAAAVARRRRRMA
CG11300
SPATGTPPSASPAAGTPTSPTPATGTPSSPATPDAPASSTSPATPTSPSDS-GSSSSQEVIRLRRRLR

D.

CG14850
CG11300

ARRRAQRRRRAQRRRDQRR---------RRAQRRRR
RLRRQLRRERRQANQSNQNGGGGQGRVVRRVHRHRR

CG14850(Jig)/CG12491:
CG14850
MRATSIILSGVLVLVACLLRSSEAVTCTADPNVTGCIDCTTSPSDPECVAEAANTTTKPADGTDTTTPT
CG12491
MRPEFVLAFGLVVLVATVYGGTDSSSSDS-------SSSTSPTSNSSTPSTSSSSSTPSSSSSTSTPS
CG14850
TGGST---DATP-AGSTTPTSPSGTVTPAPTSSPSDSTSPSDSTPTSNNAAAVARRRRRMAARRRAQR
CG12491
SNSTTSTSSSTPSSSSSTSPTSSTSSTT-ATTTAPSTSSDTSSSS-TSSDSEEVDRLRRRL--RRLRR

E.

CG14850
CG12491

RRRAQRRRDQRRRRAQRRRRQNQSG
LRRQERRQEIRRERQQERRQQSRAG

CG14850(Jig)/CG14421:
CG14850
ILSGVLVLVACLLRSSEAVTCTADP-------------------NVTGCIDCTTSPSDPECVAEAANT
CG14421
LLKGLLI-VACL----AAFASAKPQNFQIFGRQRDEPAAQGRLSATQLTDLLNSLKGSSSSTTAAPTT
CG14850
TTKPADGTDTTTPTTGGSTDATPAGSTTP--TSPSGTVTPAPTSSPSDSTSPSDSTPT---------CG14421
TTLPSTSTVTTSPTGPTTSTGTSTTTTTPTTTSPTGTTTARQLEPLDDQEDDDEEEQQLGHHQRFQLE
CG14850
---------SNNAAAVARRRRRMAARR-------------RAQRRRRAQ---RRRDQRRRRAQRRRRCG14421
DQNDDEEEHTQVARSQANRRRQVNARRQRQRLQQKYRRRQQQQRRRRQQQQQKRRQQQKRRQQQRRRRQ

F.

CG14850
CG14421

QNQ
QNQ

CG14850(Jig)/CG16953:
CG14850
PECVAEAANTTTKPADGTDTTTPTTGGSTDATPAGSTTPTSPSGTVTPAPTSSPSDSTSPSDSTPTSNN
CG16953
PEPTPSTTTTTT-------TTTTTTTTTTTTTPATTTTSTTPATTTTPKTTTS------STSTTTTTT
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G.

CG14850
CG16953

AAAVARRRR
PKPPARSKR

CG14850
CG4297

TSNNAAAVARRRRRMAARRRAQRRRRAQRRRDQRRRRAQRRRRQNQS
--------------------------------QQRQQQQQQQQQNPS

CG14850(Jig)/CG4297:
CG14850
SPSDPECVAEAANTTTKPADGTDTTTPTTGGSTDATPAGSTTPTSPSGTVTPAPTSSPSDSTSPSDSTP
CG4297
SSSGP---GSSSSGSSSSGYGSATTTPTSGGHYDNSP--TSMPMATIATVAP---FYSEALTSLDA--

Figure 17: Paralogs of Jig protein in D. melanogaster genome. Alignments of JIG
paralogues from Drosophila melanogaster genome. A. CG14850 (Jig), CG14851,
CG8087 and CG13135; B. CG14850 (Jig) and CG14852; C. CG14850 (Jig) and
CG11300; D. CG14850 (Jig) and CG12491; E. CG14850 (Jig) and CG14421; F.
CG14850 (Jig) and CG16953; G. CG14850 (Jig) and CG4297
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Chapter 2: Jig Interacting Proteins
Jig interacts with other TFs, such as LOLA and XBP1. LOLA is important for neural
development of Drosophila all throughout the embryonic stage (Giniger, Tietje, Jan, & Jan,
1994a). Its knockdown leads to problems with axonal growth. Axon guidance is disrupted so
axons do not grow in the direction of other neurons which, in turn, disrupts the formation of
neural network of the central nervous system causing lethality (Madden, Crowner, & Giniger,
1999). XBP1 is involved in the unfolded protein response (UPR) pathway (Kevin J. Travers et
al., 2000). It transcribes genes that can degrade and/or fold the unfolded proteins in endoplasmic
reticulum. Jig also interacts with SKPA, another protein involved in protein degradation. SKPA
degrades ubiquitin-tagged proteins (Lital Dabool et al., 2020). Interestingly, SKPA knockdown
also causes lethality owing to motor dysfunction. The disappearance of Jig after the third larval
stage, together with its interaction with XBP1 and SKPA, suggests its potential degradation via
the UPR pathway, or through ubiquitination and degradation by SKPA, after Jig is done
delivering CREB to the nucleus and helping it to transcribe the necessary genes. Other
interactors of Jig, such as ODA and DIDUM, are also vital for Drosophila development and,
similar to Jig knockdown, knocking down any of them results in lethality before the end of the
larval stage (Larkin et al., 2021). Interestingly, Jig interactors show a bias towards neural
development and/or maintenance. Five out of nine interactors, CrebA, LOLA, ODA, SKPA and
XBP1, are involved in axonal growth and/or maintenance of central and peripheral nervous
system, details of which are given in the next few pages. So, it is possible that Jig, along with its
function to traffic and anchor CREB to nucleus, also functions in neural development pathways
through its connection with its interactors and its critical role in metabolic homeostasis. This
could be an interesting area of study for future research on Jig. Physical interactions between
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these proteins and Jig can be confirmed using coimmunoprecipitation technique exactly like the
one I used to confirm the interaction between Jig and CrebA. Nuclear transcription factors like
XBP1 and LOLA can be tagged and stained alongside Jig and CrebA and polytene chromosome
squash followed by confocal microscopy can be done to determine whether all of them
colocalize on the chromosome. If they do, it will suggest that they are also part of the DNA
bound Jig-CrebA complex. Since SKPA is responsible for protein degradation, knocking down
SKPA and checking the localization of Jig to see whether it aggregates in the cell can suggest its
degradation through UPR pathway.
Here I give a summary of each of Jig’s interactors and their potential connections to Jig protein.
BBC
BBC stands for bb in a boxcar. Not much is known about its function in Drosophila. It is
a homolog of human CEPT1 protein, which has phosphotransferase activity and helps in
phospholipid biosynthesis (Horibata & Sugimoto, 2021). Its mutation in Drosophila is viable.
BBC is localized in endoplasmic reticulum and golgi apparatus. BBC RNA has high expression
in all Drosophila developmental stages and has moderately high expression in almost all
Drosophila tissues. It interacts with proteins involved with organizing Endoplasmic Reticulum
and phospholipid biosynthesis (Horibata, Ando, & Sugimoto, 2020).
CG5787
CG5787 is an uncharacterized protein as its function is not known. From what I can find,
CG5787 interacts with Zn72D and is thought to be a microtubule-associated protein (Worringer
& Panning, 2007). Its localization is unknown. Its RNA is mainly expressed in imaginal disc, L3
CNS and ovaries (Brown et al., 2014; Graveley et al., 2011). It is mainly expressed in early

52

embryonic stage. CG5787 mutant is lethal as all die before end of pupal stage. No apparent
connection was found between this protein and Jig (Worringer, Chu, & Panning, 2009).
CrebA
Drosophila CREB, CrebA, is a member of leucine zipper family of transcription factors.
Its DNA binding domain is similar to that of mammalian CREB. CrebA was first thoroughly
described by a paper in 1992 in Molecular Cell Biology by Smolik et al. They designated
Drosophila CrebA to be a homologue of mammalian CREB. CrebA is highly expressed in
salivary glands of early developing Drosophila. This expression is like Jig protein expression in
early Drosophila development in salivary gland. Expression of secretory pathway component
encoding genes (SPCGs) is regulated by CrebA (Abrams & Andrew, 2005). This protein binds to
the polytene chromosome in the nucleus with consensus sequence of TGACGT (Abrams &
Andrew, 2005). Jig also binds to nuclear polytene chromosome to a consensus sequence that is
not so dissimilar to the consensus binding site for CrebA.
Mammalian CREB was also found to localize and bind to mitochondrial DNA. This is
also true for Jig in Drosophila. Mito CREB was shown to increase the expression of
mitochondrial genes ND1, ND6 and ATP6 (De Rasmo, Signorile, Roca, & Papa, 2009; J. Lee et
al., 2005). We found Jig to be binding to all these mitochondrial genes as well. Activation of
cAMP by adenylate cyclase causes PKA dependent phosphorylation of CREB. This
phosphorylated CREB then is bound by other co-activators and transcription factors like CREB
binding protein and ATF1, ATF2 etc. (Altarejos & Montminy, 2011; Zhang, Kong, Wang, Jiang,
& Hua, 2020). They then together bind to DNA and regulate a number of genes involved in
tumorigenesis and neurological diseases like Parkinson’s (Rosenberg et al., 2002; Xu, He, Ma,
Li, & Huang, 2021).
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Didum
Didum stands for dilute class or class V unconventional myosin. This is a motor protein
that can move along actin using energy generated through ATP hydrolysis. By doing so it can
traffic molecules attached to it (Sweeney & Holzbaur, 2018). For example, Didum binds to
mRNA of Oskar protein and carry it to the posterior end of the oocyte for proper embryonic
development (Toth, Kovacs, Wang, Nyitray, & Sellers, 2005). We know, Jig shuttles between
mitochondria and nucleus, so it is possible its interaction with Didum might mean Didum is
involved in Jig trafficking.
The absence or mutation of Didum disrupts Drosophila embryonic development and
causes lethality during the embryonic stage or before the end of the larval stage (Brown et al.,
2014). Observation of Jig localization in this Didum mutant Drosophila can show whether
Didum is important for Jig trafficking. Given its role in oocytes, it is not surprising that didum
RNA is mostly expressed in ovaries. During developmental stage, this protein is highly
expressed in adult and very early stages of embryonic development in Drosophila (Krauss,
Lopez de Quinto, Nusslein-Volhard, & Ephrussi, 2009).
LOLA
LOLA is a nuclear transcription factor which is required for axonal guidance and axon
growth during the embryonic stage of Drosophila development. Mutations of LOLA cause
defects in axon growth in both Drosophila CNS and PNS. Axon guidance is disrupted so axons
do not grow in the direction of other neurons which, in turn, disrupts the formation of neural
network of the CNS and PNS causing lethality in Drosophila embryo (Madden et al., 1999). This
protein is localized in cytoplasm, nucleoplasm and the nucleus. Its RNA is expressed mostly in
L3 CNS and ovaries and during the embryonic stages of Drosophila development (Giniger,
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Tietje, Jan, & Jan, 1994b). LOLA is ubiquitously expressed in Drosophila wing disc (Graveley
et al., 2011). LOLA encourages cell growth in Drosophila eye imaginal disc (Zheng & Carthew,
2008). The relationship between this protein and Jig is that they are both vital protein for
Drosophila development and mutations in either protein leads to growth arrest and lethality in
Drosophila.
LRCH
LRCH stands for leucine-rich repeat and calponin homology which are two of the
domains (LRR and CH domains, respectively) in LRCH proteins. Role of the LRR domain
involves protein-protein interactions whereas the role of CH domain is to arbitrate actin binding.
Either of these domains are very common in large number of proteins but single proteins
containing both of these domains are very rare (Riviere, Bader, Pogoda, Walzog, & MaierBegandt, 2020). LRCH is the only protein in Drosophila that has both these domains but in
humans, there are 4 (LRCH 1-4) (Foussard et al., 2010; Riviere et al., 2020). LRCH plays a
significant role in cell division of developing Drosophila. It stabilizes the cell cortex during cell
division in Drosophila S2 cells (Foussard et al., 2010; Riviere et al., 2020). LRCH localizes in
the cell cortex and cleavage furrow in mitotic cells of Drosophila. Knockdown of LRCH causes
misposition of mitotic spindle during mitotic stage of cell division. However, it is not lethal but
causes decreased fertility and fitness in developed flies, especially if exposed to non-ideal
condition for flies. LRCH RNA has the highest expression in early embryonic stages and in the
CNS and salivary glands of 3rd instar larvae Drosophila (Brown et al., 2014). So far, we have
not found any functional link between this protein and Jig. The only possible link to Jig, so far, is
that LRCH plays a significant part during development and is highly expressed in Drosophila
3rd instar larval salivary gland just like Jig.
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ODA
It is an inhibitor of ornithine decarboxylase (ODC) which is an important enzyme in
polyamine synthesis pathway (Minois, Carmona-Gutierrez, & Madeo, 2011). ODA is a key
protein for the development of PNS in Drosophila embryo (Salzberg, Golden, Bodmer, &
Bellen, 1996). ODA mutations are lethal and lead to death before the end of larval stage. Mutant
ODA cause defects in growth cone guidance and disrupts neural differentiation in embryo
(Salzberg et al., 1996). ODA is localized in nucleoplasm and cytosol and has high RNA
expression in all tissues and developmental stages of Drosophila (Brown et al., 2014). In
humans, this protein is also known as (OAZ1) (Hu et al., 2011). It targets ODC for degradation
to stop production of polyamines and prevent proliferation of cells. It has been reported that this
protein has tumor suppressor activity through its role in cell differentiation and cell proliferation.
Increase of expression of ODA in huma oral cancer cell lines led to significant inhibition of cell
proliferation and caused increased formation of epithelial islands (Matsufuji et al., 1995; X.
Wang & Jiang, 2014).
SKPA
SKPA is part of ubiquitin E3 ligase family. Its homologue in humans, Skp1, is found to
have lower expression in the Dopaminergic (DA) neurons in the midbrain of patients suffering
from Parkinson’s disease (PD) (L. Dabool et al., 2020). SKPA is responsible for degradation of
ubiquitin tagged proteins. Without SKPA, ubiquitin tagged proteins aggregrate which is toxic to
cells. Neural cell loss due to this toxicity disrupts formation of synaptic connections and of
proper neural network during development and is also a hallmark of neurodegerative diseases in
adult brain (L. Dabool et al., 2020). So, knockdown of SKPA leads to accumulation of ubiquitin
tagged protein leading to motor dysfunction and reduced lifespan in Drosophila. In Drosophila
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Parkinson’s disease model, SKPA expression rescues neurodegeneration (Brace, Wu, Valakh, &
DiAntonio, 2014; L. Dabool et al., 2020).
SKPA is localized in nucleus, cytoplasm, and cytosol. Its mutation is lethal, and
Drosophila die before the end of the larval stage. Its RNA is expressed in all developmental
stages with highest expression observed during the cleavage stage of embryonic development.
SKPA RNA is expressed in every tissue with the highest expression observed in the digestive
system of 3rd instar larvae. SKPA interacts with F box proteins in adult Drosophila neurons
(Larkin et al., 2021).
XBP1
XBP1 is mainly localized in the nucleus. It is a nuclear transcription factor that plays a
key role in Unfolded Protein Response (UPR). This pathway, conserved in different species
including Drosophila and human, is mediated by XBP1 and IRE1 (Sha et al., 2009; Tohmonda et
al., 2015). IRE1 is an endoplasmic reticulum bound protein that interacts with misfolded
peptides. When ER is stressed, IRE1 targets and splices XBP1 mRNA generating an isoform of
XBP1 transcription factor. XBP1 regulates the expression of multiple genes encoding proteins
involved in the UPR. XBP1 transcription was highest in secretory tissues of Drosophila such as
salivary gland, intestine and male reproductive organs. XBP1 is predicted to bind and regulate
proteins involved in secretion in these tissues (Ryoo, Domingos, Kang, & Steller, 2007; Ryoo,
Li, & Kang, 2013; K. J. Travers et al., 2000; Yamamoto et al., 2007).
XBP1 has very high expression in almost all developmental stages and in all tissues in
Drosophila. It has the highest expression in salivary gland. XBP1 mutant is lethal and the flies
die around 2nd instar larval stage due to unresolved ER unfolded protein response. In humans, it
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increases the risks for inflammatory bowel syndrome. Role of XBP1 in UPR pathway also
implicates it in human neurodegenerative diseases. ER stress in neurons is common in
neurodegenerative diseases like Parkinson’s and Alzheimer’s. Expression of XBP1 in these cells
were shown to relieve this stress through degradation of unfolded proteins aggregrated in the ER
(Larkin et al., 2021; Salminen, Kauppinen, Suuronen, Kaarniranta, & Ojala, 2009; Yamamoto et
al., 2007).
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CONCLUSION: A Model for Jig Pathway
CREB physically binds to Jig and together they bind to mitochondrial genome (1).
During 3rd larval stage, Jig carries CREB from the mitochondria to the nucleus (2). Together they
bind to nuclear genome and regulates nuclear genes encoding mitochondrial proteins like Surf1
and cyt-c-d for the healthy working of mitochondria. Together, they also regulate genes
important for Drosophila larval development (3).
After a Jig protein completes its function, it is potentially degraded by SKPA (4). Future
investigation can confirm Jig’s interaction with cytoskeletal protein DIDUM and CG5787 and
whether other Jig interacting transcription factors like LOLA and XBP1 also bind CREB and Jig
to form a complex to regulate nuclear genes (5,6) (Figure 18).
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Figure 18: Model for Jig pathway. Jig binds to CREB in the mitochondrial DNA and transcribes
mRNA for mitochondrial protein subunits. During 3rd instar larval development, Jig hooks
CREB from mitochondria and delivers it to the nucleus. When CREB arrives at the nucleus, it
forms complexes with other proteins, and Jig (and potentially LOLA and XBP1) is part of that
complex. Together, they transcribe mRNA for essential proteins for organismal development
and/or survival. So, this is an one-way traffic where mitochondria communicate with nucleus by
sending Jig-CREB to nucleus to transcribe mRNA for proteins that mitochondria and/or cells
need. After that, Jig is potentially degraded through one or more of its interactors (XBP1 and/or
SKPA) that are part of protein degradation pathway.
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ABBREVIATIONS
ATF – Activating Transcription Factor
CREB – Cyclic AMP Response Element Binding Protein
MTERF1 – Mitochondrial Termination Factor 1
NFkB – Nuclear Factor-Kappa B
POLG – Polymerase Gamma
POLRMT – Mitochondrial RNA Polymerase
STAT – Signal Transducer and Activation of Transcription
TEFM – Mitochondrial Transcription Elongation Factor
TFAM – Mitochondrial Transcription Factor A
TFB2M – Mitochondrial Transcription Factor B2
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